This paper aimed to investigate the impact of Red Sea topography and water on the development and rainfall of a case of cyclogenesis occurs over Saudi Arabia during the period 16-18 November 2015 using the Weather Research and Forecasting (WRF) model. The WRF Control Run (WRF-CR) experiment was performed with presence of actual topography and surface water of the Red Sea, while the other three sensitivity experiments were carried out without (i) Red Sea Topography (NRST), (ii) Red Sea Water (NRSW), and (iii) Red Sea Topography and Water (NRSTW). The simulated rainfall in the control experiment depicts in well agreement with Tropical Rainfall Measurement Mission (TRMM) rainfall estimates in terms of intensity as well as spatio-temporal distribution. Results demonstrate that rainfall intensity and spatio-temporal distribution significantly changes through each sensitivity experiment compared to the WRF-CR, where the significant variation was found in the NRST experiment. The absence of topography (NRST) leads to formation of strong convergence area over the middle of Red Sea which enhanced uplift motion that further strengthened the low-level jet over Red Sea and the surrounding regions, which enhanced the moisture and temperature gradient and created a conditionally unstable atmosphere that favored the development of the cyclonic system. The absence of Red Sea water (NRSW) changed rainfall spatial distribution and reduced its amount by about 30-40% due to affecting of the dynamics of the upward motion and moisture gradient, suggesting that surface fluxes play an important role in regulating the low-level moist air convergence prior to convection initiation and development.
Introduction
The east Mediterranean region is considered one of the most cyclogenetic areas in the world because of the surrounded mountains, orographic barriers, and arid regions, which interact with the air flow and play an important role in the formation of low-pressure centers [1] . Saudi Arabia receives most of the precipitation during the period from November to April from synoptic-scale disturbances as a result of the invasion of the Red Sea Trough (RST) over the east Mediterranean, accompanied by warm and moist southern winds from tropical region [2] . The upper level middle latitude trough and the RST are the long-recognized cyclogenesis system developments over the east Mediterranean region [3] . The development of such cyclogenetic systems and rainstorms over Saudi Arabia, particularly its western areas, is principally due to the environmental and atmospheric conditions associated with the Red Sea features and topography [4] [5] [6] .
The major factors that affect such convective systems are the development of cyclone over the Mediterranean and anticyclone over the Arabian Peninsula [7, 8] , high tropospheric moisture content, and warm sea surface temperatures (SST) of the Red Sea, as well as the local topography [9] . Numerical models provide a powerful tool for atmospheric research by performing sensitivity experiments. Their purpose is to isolate the effect of different factors on certain atmospheric fields in one or more case studies. Sensitivity studies often evaluate the influence of only one factor, such as topography [10, 11] , but many investigations test several factors and try to estimate their relative importance. The effect of orographic features, which are sometimes combined with some other parameters, on the precipitation intensity and spatial distribution was examined over different regions in the world. In Southern California, the blocking of complex topography and its influence on Rainfall Distribution was studied using the mesoscale model (MM5) [12] , their results indicate that the orographic blocking substantially affects and plays a major role in determining the precipitation distribution along of the coastal areas. From a topography height change point of view, in Rwanda, it was clarified that the reduction in topography height by 50% led to rainfall decreasing with varying magnitudes during two rainy seasons using the Weather Research and Forecasting (WRF) model [13] . Similarly, in the Ethiopian Highlands, the results of MM5 models revealed that the amount of precipitation is significantly reduced and shifted spatially when the topography height was reduced by 50%, while there no clear pattern of rainfall was revealed when increasing the topography height by 50% [14] .
Numerous studies have been performed over the different regions in Saudi Arabia to analyze and discuss the rainfall features and variation [15] and its associated meso-scale synoptic systems and cyclogenesis [4, 7, 16] using different numerical weather prediction (NWP) models. Moreover, the influences and the explicit role of topography and surface heat exchange to the atmosphere on the development of heavy rainfall during 25 November 2009 over Jeddah, Saudi Arabia, using the WRF model, were examined [6] . They proved that the Red Sea topography, as well as the surface heating exchange, played an important role in determining the rainfall intensity and its spatial distribution over Jeddah. In addition, two other severe rainfall events of 30 December 2010 and 14 January 2011 have been studied over Saudi Arabia using the Weather Research and Forecasting (WRF) model [9] . Their results indicated that the WRF model was able to accurately simulate the three heavy rainfall events with driving convective processes. The convergence and moisture transportation over the Red Sea generate favorable conditions for severe convection development and enhance the storm intensity especially in western Saudi Arabia [16] . Other researchers [3] found that the rotational component of the moisture flux brings moisture from two main regions: the first is the Indian Ocean, Arabian Sea, Gulf of Aden, and the northeast of Sudan and the second is the Atlantic and Mediterranean Sea. As a result of the major role and influence of topography individually or along with several parameters on the precipitation and associated weather systems, which can be considered as a vital and necessary issue in mountainous regions overall the world, it is essential to examine it over the Red Sea, Saudi Arabia, and adjacent areas. The aim of this study was to investigate the impact of removing Red Sea topography, water, and both topography and water on the development and rainfall of a case of cyclogenesis that occurred over Saudi Arabia during the period [16] [17] [18] November 2015. This objective was achieved using the WRF model that was configured in three sensitivity experiments as follows: (i) without Red Sea Topography (NRST), (ii) without Red Sea Water (NRSW), and (iii) without Red Sea Topography and Water (NRSTW).
Data and Methodology

Data Used
Three different types of data were used in this study; the first one was taken from the archives of the European center for Medium Range Forecasts (ECMWF) Reanalysis Interim (Era-Interim) dataset [17] . It consists of the horizontal and vertical wind components (u-eastward, v-northward, and w-vertical velocity) in m s −1 , temperature ( • C), and the geopotential height (gpm) in six-hourly 1 • × 1 • horizontal Atmosphere 2019, 10, 669 3 of 24 resolution for isobaric levels 1000, 850, 700, 500, 400, 300, 250, 200, 150, and 100 hPa. The period of study was from 14 to 18 November 2015 over the area bounded by 20 • W-80 • E and 0 • -80 • N. This Era-Interim dataset was used for the purposes of synoptic discussion and examine the WRF model performance to simulate the cyclogenesis system pattern during the period of study.
The observed daily precipitation, during the selected severe precipitation event, of 0.25 • × 0.25 • horizontal resolution are obtained from Tropical Rainfall Measuring Mission (TRMM) 3B42-Version 7 products [18] to assess and evaluate the simulated rainfall from the WRF model. Soil parameters, land use, and orography at 2 arc minutes resolution from the United States Geological Survey (USGS) database were used as input WRF static data. The WRF initial and lateral boundary conditions were downloaded from the National Centers for Environment Prediction (NCEP) global reanalysis dataset, with a 1 • × 1 • spatial grid every 6 h. The utilized weather parameters in the WRF simulation include: three dimensional meteorological parameters of pressure, geopotential height, temperature, relative humidity, and zonal and meridional wind at the standard 17 pressure levels, as well as four soil layers (0-10, 10-40, 40-100, and 100-200 cm) data of soil temperature and soil moisture and two dimensional surface meteorological variables of mean sea level pressure, 10 m zonal and meridional wind components, 2 m temperature and 2 m relative humidity. Finally, considering the short duration of the run, the fixed sea surface temperature (SST) from NCEP reanalysis dataset is also provided throughout the WRF simulation [19] .
WRF Description, Configuration, and Experimental Setup
The WRF model is the latest and widely used mesoscale numerical weather prediction (NWP) system, which is used by both operational and research communities [20] . The WRF model has been developed by collaboration between many institutions in the USA, mainly the National Center for Atmospheric Research (NCAR), the National Centers for Environmental Prediction (NCEP), and the Forecast Systems Laboratory (FSL). It contains two principle dynamical cores, the Advanced Research WRF (ARW) core and the Nonhydrostatic Mesoscale Model (NMM) core. The ARW dynamical core, which was utilized in the present study, is based on a set of equations that is fully compressible, Eulerian and non-hydrostatic with a run-time hydrostatic option and uses terrain-following, hydrostatic-pressure vertical coordinate. Therefore, the WRF model has the ability to simulate extreme weather events or events of short lengths of time.
The WRF-ARW version 3.7.1 was employed in this study to simulate the mesoscale weather system, synoptic pattern, and rainfall distribution during the period of 15-18 November 2015 over the study area ( Figure 1a ). One WRF control run (WRF-CR) was performed with the presence of actual topography and surface water of the Red Sea to investigate the WRF model accuracy in simulating the synoptic pattern and rainfall of our case study. Three different WRF sensitivity experiments, namely (i) without Red Sea Topography (NRST), (ii) without Red Sea Water (NRSW), and (iii) without Red Sea Topography and Water (NRSTW), were carried out to investigate the influence of these parameters on the synoptic pattern and rainfall of our case study.
In the NRST experiment, terrain heights on both sides of the Red Sea within the area between latitudes 12 • to 31 • N and longitudes 30 • to 44 • E were multiplied by 0.5 × (r/R), where r is the grid distance form longitude 30 • N, while R is the total distance from longitude 30 • to 44 • E, to reduce the elevations of the terrain and so that there is no sudden rise at the end of the domain and its borders ( Figure 1c ). The Red Sea region and the mountains are not large enough to effect a change that extends to relatively remote places. Moreover, it is well known that the Red Sea water plays an important role in and contribute significantly to the initiation and development of local and mesoscale convection systems and rainstorms over the nearby regions. In the NRSW experiment, the properties of the Red Sea surface were modified by changing the related variables, as illustrated in Table 1 and Figure 1b . Finally, in the NRSTW experiment, the procedures applied to reduce the Red Sea terrain and remove the Red Sea water were combined together ( Figure 1d ). which represent the simple efficient scheme with diagnostic mixed-phase processes [22] ; the rapid radiative transfer model for GCMs (RRTMG) scheme (provides improved efficiency with minimal loss of accuracy) for short-and long-wave radiation [23] ; the Monin-Obukhov Eta scheme for the surface layer processes [24] ; five-layer thermal diffusion scheme for Land Surface [25] ; the Planetary boundary layer (PBL) option is the Yonsei University (YSU) scheme [26] ; and the Kain-Fritsch scheme for Cumulus Parameterization [27] . The corresponding options for these selected physics schemes are clarified in Table 2 . The simulations were performed on a Mercator projected single domain, which has 196 × 169 grid points with a horizontal resolution of 36 km and 34 vertical levels. This wide domain was selected to understand and illustrate the mesoscale weather and synoptic systems necessary for this rainfall event to occur, focusing on Saudi Arabia. Additionally, 150 s has been set for the WRF computational iteration as an adaptive time step and integrated every one-hour model output beginning from 00:00 UTC on 14 November 2015, where the first 24 h of simulation is allowed as spin-up period [21] . The implemented WRF physics schemes and configuration options to simulate the selected extreme rainfall event over the study area are: Eta (coarse) for microphysics scheme, which represent the simple efficient scheme with diagnostic mixed-phase processes [22] ; the rapid radiative transfer model for GCMs (RRTMG) scheme (provides improved efficiency with minimal loss of accuracy) for short-and long-wave radiation [23] ; the Monin-Obukhov Eta scheme for the surface layer processes [24] ; five-layer thermal diffusion Atmosphere 2019, 10, 669 5 of 24 scheme for Land Surface [25] ; the Planetary boundary layer (PBL) option is the Yonsei University (YSU) scheme [26] ; and the Kain-Fritsch scheme for Cumulus Parameterization [27] . The corresponding options for these selected physics schemes are clarified in Table 2 . 
Synoptic Discussion of the Case Study
During the period 15-18 November 2015 most of Saudi Arabia, specially the north and middle parts, exposed to heavy rainstorms and reached to about 100 mm during 16 and 17 November. Figures 2 and 3 show the geopotential height (gpm) in meters with the temperature in • C on 1000 and 500 hPa levels, while Figure 4 illustrate the horizontal distribution of the geopotential height (gpm) and temperature advection on 850 hPa. Figure 2a shows that, at 00:00 UTC 14 November 2015, the subtropical high pressure extended to cover most area of North Africa and the Mediterranean and covered the northern part of Saudi Arabia. Contrarily, the Sudan monsoon low and its associated Red Sea trough (RST) extended northward to cover the south eastern part of Egypt and the Red Sea region. Additionally, there was an obvious thermal gradient (red dashed line) associated with the RST and extended zonally to cover the northern part of Sudan and the southern part of Saudi Arabia (Figure 2a ). Simultaneously, the upper air (500 hPa) trough appeared in the west of Libya as an extension of the traveling depression ( Figure 3a ). During 15 November, the Sudan monsoon low deepened with slowly northward propagation of RST to cover most Egypt, while the subtropical high-pressure weakened and moved eastward ( Figure 2b ). Figure 4b illustrates that there was an area of cold advection over north of Mediterranean, while the warm advection appeared over and southeast of the Mediterranean. Furthermore, the 500 hPa cut-off low started to deepen and moved eastward to cover the north of Libya and the northwestern parts of Egypt ( Figure 3b ). The intense development of surface (1000 hPa) and upper air pressure systems occurred in the beginning of 16 November 2015 and continued until 18 November 2015. At 00:00 UTC 16 November 2015, the surface RST extended northward and covered the northern region of the study domain (Egypt, East Mediterranean, and Saudi Arabia). The Sudan low was cantered over the Red Sea with a geopotential height of 60 gpm at its center ( Figure 2c) . Moreover, the 500 hPa cut-off low deepened more and moved slowly eastward to cover the north of Libya and Egypt, with a geopotential height of 5550 gpm at its center ( Figure 3c ). On 850 hPa, it is clear that the areas of cold and warm advection moved eastward with the movement of our cyclone, where a strong cold advection appeared over east of the Mediterranean, north of Saudi Arabia and the Red Sea, while the area of cold advection moved southeastward. During the period 12:00 UTC 16 November 2015 to 06:00 UTC18 November 2015 (the rainy period), a strong interaction between the extended surface RST from the tropical region (Figure 2d The clear warm advection on 850 hPa ( Figure 4 ) helps to create strong atmospheric instability, especially on 16 November 2015. The sounding profile at 1200 UTC on 16 November 2015 in Jeddah revealed that the atmosphere was extremely unstable, as the CAPE (convective available potential energy) exceeded 3900 J kg −1 with precipitable water (PW) of 40.56 mm, while the Equilibrium Level (EL) decreased to 126.40 hPa, the Level of Free Convection (LFC) reaches 869.70 hPa, and the Lifting Condensation Level (LCL) was about 900 hPa (http://weather.uwyo.edu/upperair/sounding.html), as shown in Figure 5 .
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The clear warm advection on 850 hPa ( Figure 4 ) helps to create strong atmospheric instability, especially on 16 November 2015. The sounding profile at 1200 UTC on 16 November 2015 in Jeddah revealed that the atmosphere was extremely unstable, as the CAPE (convective available potential energy) exceeded 3900 J kg −1 with precipitable water (PW) of 40.56 mm, while the Equilibrium Level (EL) decreased to 126.40 hPa, the Level of Free Convection (LFC) reaches 869.70 hPa, and the Lifting Condensation Level (LCL) was about 900 hPa (http://weather.uwyo.edu/upperair/sounding.html), as shown in Figure 5 . 
Results and Discussion
Control Run Investigation
The spatial distribution of the total daily rainfall from both TRMM and the WRF-CR are presented in Figure 6 in the left and right column, respectively. Generally, the WRF-CR simulation reasonably predicts the spatial distribution pattern of rainfall with relatively good agreement compared to TRMM. The daily values of the WRF-CR rainfall overestimate the corresponding accumulated daily values of TRMM by about 16%, especially over the regions of maximum rainfall (middle and north of the Red Sea and the northwest of Saudi Arabia, Syria, and Iraq). It was found that the area average rainfall values over the domain (36-41° E, 24.5-30° N) on 16 November for the WRF-CR and TRMM were 20.5 and 16.6 mm, respectively. Additionally, the area average rainfall values over the domain (38-41° E, 21.5-26° N) on 17 November for the WRF-CR and TRMM were 17.2 and 14.4 mm, respectively.
For further assessment and assurance for the performance and accuracy of the WRF model simulation, the synoptic pattern of geopotential height (gpm) and temperature gradient (°C) on 1000 hPa (Figure 7 , left column) and 500 hPa (Figure 7 , right column) were compared with Era-Interim dataset (Figures 2 and Figures 3, right column) . The comparison on 1000 hPa illustrated that the WRF model simulates well the temperature gradient and the cyclonic and anticyclonic systems with very small differences in their centers and horizontal expansion area coverage. Additionally, the extended center of RST over east Mediterranean and Saudi Arabia along the period of study in both the WRF-CR simulation and Era-Interim were very similar. This similarity can be observed when tracing the geopotential height contour 120 gpm and its coverage area either east or west of the Red Sea. On the other hand, 500 hPa charts along the period of the study illustrates that there was no difference in the spatial distribution of the upper air geopotential height trough between the WRF control simulation and Era-Interim, except at very small values (up to 20 gpm) in the center of cut-off low. Generally, Figure 8 demonstrates the variation in the geopotential of the trough centers between the WRF-CR and Era-Interim on 1000 and 500 hPa charts during the period 15-18 November 2015. It is obvious that the WRF was lower than Era-Interim by 20 gpm on 1000 hPa after 06:00 UTC on 17 November, while it was lower by 50 gpm on 500 hPa from 00:00 to 18:00 on 16 November 2015. This means that 
Results and Discussion
Control Run Investigation
The spatial distribution of the total daily rainfall from both TRMM and the WRF-CR are presented in Figure 6 in the left and right column, respectively. Generally, the WRF-CR simulation reasonably predicts the spatial distribution pattern of rainfall with relatively good agreement compared to TRMM.
The daily values of the WRF-CR rainfall overestimate the corresponding accumulated daily values of TRMM by about 16%, especially over the regions of maximum rainfall (middle and north of the Red Sea and the northwest of Saudi Arabia, Syria, and Iraq). It was found that the area average rainfall values over the domain (36-41 • E, 24.5-30 • N) on 16 November for the WRF-CR and TRMM were 20.5 and 16.6 mm, respectively. Additionally, the area average rainfall values over the domain (38-41 • E, 21.5-26 • N) on 17 November for the WRF-CR and TRMM were 17.2 and 14.4 mm, respectively.
For further assessment and assurance for the performance and accuracy of the WRF model simulation, the synoptic pattern of geopotential height (gpm) and temperature gradient ( • C) on 1000 hPa (Figure 7 , left column) and 500 hPa (Figure 7 , right column) were compared with Era-Interim dataset (Figures 2 and 3 , right column). The comparison on 1000 hPa illustrated that the WRF model simulates well the temperature gradient and the cyclonic and anticyclonic systems with very small differences in their centers and horizontal expansion area coverage. Additionally, the extended center of RST over east Mediterranean and Saudi Arabia along the period of study in both the WRF-CR simulation and Era-Interim were very similar. This similarity can be observed when tracing the geopotential height contour 120 gpm and its coverage area either east or west of the Red Sea. On the other hand, 500 hPa charts along the period of the study illustrates that there was no difference in the spatial distribution of the upper air geopotential height trough between the WRF control simulation and Era-Interim, except at very small values (up to 20 gpm) in the center of cut-off low. Generally, Figure 8 demonstrates the variation in the geopotential of the trough centers between the WRF-CR and Era-Interim on 1000 and 500 hPa charts during the period 15-18 November 2015. It is obvious that the WRF was lower than Era-Interim by 20 gpm on 1000 hPa after 06:00 UTC on 17 November, while it was lower by 50 gpm on 500 hPa from 00:00 to 18:00 on 16 November 2015. This means that the simulated cyclone and its associated trough from the WRF were similar to the Era-Interim reanalysis during the period of study. The comparison between surface and upper air charts illustrate that the WRF model proved its competence and produced a good simulation for this rainstorm. Therefore, we can use the WRF model to conduct the sensitivity experiments related to changes in some land features (NRST, NRSW, and NRSTW) to determine the new changes and modifications in the prevailing cyclogenesis system and rainfall pattern.
Atmosphere 2019, 10, 669 10 of 24 the simulated cyclone and its associated trough from the WRF were similar to the Era-Interim reanalysis during the period of study. The comparison between surface and upper air charts illustrate that the WRF model proved its competence and produced a good simulation for this rainstorm. Therefore, we can use the WRF model to conduct the sensitivity experiments related to changes in some land features (NRST, NRSW, and NRSTW) to determine the new changes and modifications in the prevailing cyclogenesis system and rainfall pattern. 
Sensitivity Experiments
To investigate and understand the influence of the Red Sea topography and water in the development of our cyclonic system, three sensitivity experiments were performed: (i) no Red Sea topography (NRST), (ii) no Red sea water (NRSW), and (iii) no Red Sea topography nor water (NRSTW). The three sensitivity experiments throughout the current study were performed with a broader and more comprehensive perspective.
The Simulated Rainfall Patterns
The spatial distribution of accumulated daily rainfall during the period 15-18 November 2015 arising from the three WRF sensitivity experiments (NRST, NRSW and NRSTW) are presented in Figure 9 . It can be seen that, on 15 November, the spatial distribution and amount of rainfall in the northwest of the study area (northern part of Libya and northwest of Egypt) of the three WRF sensitivity experiments (Figure 9a -c) were very similar to those from the WRF-CR (Figure 6b ). On the other hand, the pattern of rainfall over the Red Sea surrounding area and Saudi Arabia was strongly influenced by the modifications in the Red Sea features and varied from experiment to experiment in the study period of 15-18 November 2015. The results of the NRSW experiment show that the spatial distribution of rainfall pattern (Figure 9a ,d,g,j) was generally similar to those from the WRF-CR (Figure 6b ,d,f,h) over the study area through all days from 15-18 November 2015. Although there is a similarity in rainfall pattern, its daily amount decreased by 30-40 mm at a maximum area of rainfall over Saudi Arabia, especially on 16 and 17 November. The area average rainfall values over the domain (22-30° E, 33-39° N) on 16 November for the WRF-CR and TRMM were 17.2 and 11.6 mm, respectively. The area average rainfall values over the domain (18-26° E, 36-41° N) at 17 November for the WRF-CR and TRMM were 11.8 and 7.4 mm, respectively.
With respect to the NRST experiment, it was found that there is a clear and great difference in rainfall locations and amount (Figure 9b ,e,h,f) compared to WRF-CR (Figure 6b ,d,f,h) during the period 15-18 November 2015. It was observed that the pattern of rainfall location and amount were concentrated only over and along the Red Sea (15-25° N) and reached to about 120 mm. The maximum rainfall amount over land (Saudi Arabia) did not exceed 10-15 mm during the period of 15-18 November 2015. The simulation of the third WRF sensitivity experiment (NRSTW) revealed that there was a clear difference in rainfall location and amount from WRF-CR on 15 November, while there was a similarity in rainfall location on 16 November, especially over the eastern part of the Mediterranean and the north west of Saudi Arabia (Figure 9c ,f,i,l). The maximum rainfall value appeared over Egypt, and was less than 60 mm; the maximum value over Saudi Arabia was less than 30 mm on 15 and 16 November 2015. Additionally, the simulated rainfall from NRSTW sensitivity experiment different in the location and amount as compared with the WRF-CR at 17 November, where there was no rainfall over the Red Sea and the middle of Saudi Arabia. On 18 November, the NRSTW experiment illustrated that there was a difference in rainfall amount over the west of Iran. 
Sensitivity Experiments
The Simulated Rainfall Patterns
The spatial distribution of accumulated daily rainfall during the period 15-18 November 2015 arising from the three WRF sensitivity experiments (NRST, NRSW and NRSTW) are presented in Figure 9 . It can be seen that, on 15 November, the spatial distribution and amount of rainfall in the northwest of the study area (northern part of Libya and northwest of Egypt) of the three WRF sensitivity experiments (Figure 9a -c) were very similar to those from the WRF-CR (Figure 6b ). On the other hand, the pattern of rainfall over the Red Sea surrounding area and Saudi Arabia was strongly influenced by the modifications in the Red Sea features and varied from experiment to experiment in the study period of 15-18 November 2015. The results of the NRSW experiment show that the spatial distribution of rainfall pattern (Figure 9a ,d,g,j) was generally similar to those from the WRF-CR (Figure 6b With respect to the NRST experiment, it was found that there is a clear and great difference in rainfall locations and amount (Figure 9b ,e,h,f) compared to WRF-CR (Figure 6b ,d,f,h) during the period 15-18 November 2015. It was observed that the pattern of rainfall location and amount were concentrated only over and along the Red Sea (15-25 • N) and reached to about 120 mm. The maximum rainfall amount over land (Saudi Arabia) did not exceed 10-15 mm during the period of 15-18 November 2015. The simulation of the third WRF sensitivity experiment (NRSTW) revealed that there was a clear difference in rainfall location and amount from WRF-CR on 15 November, while there was a similarity in rainfall location on 16 November, especially over the eastern part of the Mediterranean and the north west of Saudi Arabia (Figure 9c ,f,i,l). The maximum rainfall value appeared over Egypt, and was less than 60 mm; the maximum value over Saudi Arabia was less than 30 mm on 15 and 16 November 2015. Additionally, the simulated rainfall from NRSTW sensitivity experiment different in the location and amount as compared with the WRF-CR at 17 November, where there was no rainfall over the Red Sea and the middle of Saudi Arabia. On 18 November, the NRSTW experiment illustrated that there was a difference in rainfall amount over the west of Iran.
Generally, it is clear from the above results that the exclusion of Red Sea water (NRSW) causes a small difference in the location and amount of rainfall pattern over the study area, while the exclusion of Red Sea topography (NRST) causes a big difference especially over the Red Sea. Finally, the exclusion of Red Sea water and topography together (NRSTW) causes a considerable difference in the location and amount of rainfall pattern. To explain the above results, we will discuss the synoptic patterns and the most relevant atmospheric variables associated with the three experiments (NRSW, NRST, and NRSTW) during the period of study. Generally, it is clear from the above results that the exclusion of Red Sea water (NRSW) causes a small difference in the location and amount of rainfall pattern over the study area, while the exclusion of Red Sea topography (NRST) causes a big difference especially over the Red Sea. Finally, the exclusion of Red Sea water and topography together (NRSTW) causes a considerable difference in the location and amount of rainfall pattern. To explain the above results, we will discuss the synoptic patterns and the most relevant atmospheric variables associated with the three experiments (NRSW, NRST, and NRSTW) during the period of study.
The Simulated Synoptic Patterns
The nature of the Red Sea (Orographic and Water) significantly interacts with the atmospheric airflows and it plays a major role in the cyclogenesis process and development of mesoscale convective systems associated with thunderstorms and heavy rainfall. This meaning originated not only as a result of changes in the rainfall distribution and amount, but also due to the variation in the prevailing weather systems under the new adjustments in the Red Sea features. From the analysis of the surface and upper air synoptic charts, it was found that most of the new changes in the cyclogenesis pattern and weather system occurred in the lower tropospheric layer (1000 and 850 hPa), where it contains Red Sea mountains. The synoptic pattern charts of 1000 and 850 hPa that resulted from the three WRF sensitivity experiments simulations are presented in Figures 10 and 11 , respectively.
In case of NRSW (Figure 10a,d,g,j) , it was found that there was no significant difference between the synoptic pattern of 1000 hPa with the corresponding of WRF-CR (Figure 7a,d,g,j) throughout the period of study. On 16 and 17 November, the small difference appeared in the northward extension of RST with a weak deepening, especially over the northeast of the Arabian Peninsula. On 17 November, the RST moved to the east and northeast of the Arabian Peninsula. On 18 November, the synoptic patterns on the surface and upper air were similar to that of the WRF-CR. This small variation in the synoptic patterns of the WRF-CR from the NRSW experiment in the lower and upper levels interpolated the small differences in the location and amount of rainfall throughout the period of study. The comparison between Figure 11a ,d,g,j and Figure 7b ,e,h,k illustrates that there was no difference in the synoptic pattern of 850 hPa in case of the NRSW experiment and those corresponding resulting from WRF-CR experiment. This means that the absence of Red Sea water (NRSW) did not lead to changes in the pattern of cyclonic system, but its influence was shown in reducing the amount of rainfall.
In the case of NRST (Figure 10b,e,h,k) , on 15 November, the difference from the WRF-CR (Figure 7c ,f,i,l) appeared in the horizontal extension (east-west) of the RST south latitude 20 • N associated with a weakening in geopotential gradient (tracing the contour line 120 gpm). On 16 November, the main feature was the strong squeezing of RST around the Red Sea that tended to increase in geopotential and temperature gradient around the Red Sea (to be centered over the Red Sea). The same pattern continued on 17 November with eastward movement, with a cut-off low formulated over the east of the Mediterranean. On 18 November, the RST shifted more to the east, with a considerable geopotential and temperature gradient over the Red Sea and Saudi Arabia.
The analysis of 850 hPa charts (Figure 11b ,e,h,k) illustrated that on 15 November the cut of low associated with the upper trough in the case of the NRST experiment was weaker than those corresponding to the results from the WRF-CR experiment (Figure 7b ,e,h,k) and is about five longitudes behind it to the east, where the first lies north of Egypt, while the second lies north of the Red Sea. Generally, this situation continued during 16-18 November, where we found that the low, in case of the NRST, moved slower than those in the WRF-CR experiment and the distance between their centers reached 10 longitudes. It is interesting to note that the upper trough in case of NRST usually extended southeastward, reaching the middle and south of the Red Sea. This situation of the upper trough led to an increase of successive cold advection from eastern Asia (north of 45 • N) and also a strong advection of the warm moist air south of the Arabian sea and the Indian ocean, producing conditional instability on south and middle Red Sea and its environment. This resulted in strong convective activity associated with a heavy rainfall event.
The NRSTW sensitivity experiment has been made to illustrate the influence of Red Sea water and topography together on the rainfall pattern and amount during the period of study. Figure 10 , right column, presents the simulated synoptic patterns from the NRSTW experiment on 1000 hPa. The major characteristic on the 1000 hPa charts is the obvious weakening in RST; it extended horizontally to the east of the Arabian Peninsula and the west of the Red Sea. Strong weakening occurred in the RST during the period of 16-18 November, associated with a strong decrease in geopotential and temperature gradients; the contour lines and isotherms became zonal. 11c,f,I,l and Figures 7b,e,h,k) illustrate that on 15 November, the cut-off low associated with the upper trough in case of NRSTW experiment disappeared. Additionally, the geopotential height increased over Egypt, east of the Mediterranean, and Saudi Arabia, with a decrease in temperature gradient over these areas. During the period of 16-18 November, we found that the upper trough in the case of the NRSTW weakened, shifted northward, and moved slightly slower than those in the WRF-CR experiment. The comparison between the 850 hPa charts of the NRSTW and WARF-CR experiments (Figure 11c ,f,i,l and Figure 7b ,e,h,k) illustrate that on 15 November, the cut-off low associated with the upper trough in case of NRSTW experiment disappeared. Additionally, the geopotential height increased over Egypt, east of the Mediterranean, and Saudi Arabia, with a decrease in temperature gradient over these areas. During the period of 16-18 November, we found that the upper trough in the case of the NRSTW weakened, shifted northward, and moved slightly slower than those in the WRF-CR experiment.
Moisture Flux Variation
To clarify the influence of Red Sea water and topography on rainfall associated with our case study, we studied the behavior of the divergent and rotational components of the total water vapor flux along with precipitable water content in the three WRF experiments (NRSW, NRST, and NRSWT). Here, the rotational component describes the atmospheric water vapor transport and the divergent component reflects the moisture source and sink region. We divided the troposphere into three layers; the lower one was taken from 1000 to 850 hPa, while the middle was taken from 700 to 500 hPa, and the upper layer from 400-100 hPa [3, 28] . Figure 12 illustrates the integrated moisture flux rotational component (vector) along with precipitable water content (shaded; kg m −1 s −1 ) in the three tropospheric layers for the WRF-CR (first row) and the three WRF experiments (second, third, and fourth rows) on 16 November 2015. It is clear that there was no significant difference between the WRF-CR and NRSW experiments in the lower and middle tropospheric layers, while in the upper layer, the moisture flux increased with small values of about 6 kg m −1 s −1 in the northern part of Saudi Arabia. A significant difference was observed in the other two WRF sensitivity experiments (NRST and NRSWT), where the role of NRST and NRSWT was very obvious, especially in the lower tropospheric layer. For WRF-CR, the moisture flux rotational component in the lower layer of south Saudi Arabia moved westward until it reached the Red Sea then changed its direction to the north to transport moisture from the Indian Ocean and Arabian Sea (including the south of the Red sea, the north of Ethiopia, and the middle of Sudan) to the north and northwest of Saudi Arabia, accompanied by heavy rainfall. This dynamical pattern changed in the NRST and NRSWT experiments, where the rotational wind over the south of the Arabian Peninsula due to the absence of Red Sea terrain extended westward more than in the WRF-CR. It reached to about 25 • E (over Sudan) and then moved northward and northeastward, carrying a large amount of moisture above the Red Sea and the northwest of Saudi Arabia. This southern moisture flux prevailed over the Rea Sea and most parts of the west and north of Saudi Arabia, causing heavy rainfall over most of these regions. Although there was a large significant difference between this scenario (WRF-CR) and the others two scenarios (NRST and NRSWT) in the lower tropospheric layer (in the moisture flux rotational component and precipitable water content), there was no significant difference in the upper tropospheric layer, except the value of the moisture amount.
On the other hand, Figure 13 presents the divergent integrated moisture flux along with the divergent (source) and convergent (sink) moisture flux in the three tropospheric layers for the WRF-CR, NRSW, NRST, and NRSWT experiments for 16 November 2015. Generally, it is interesting to note that the convergence areas in the lower and middle tropospheric layers coincided with the divergence areas in the upper layer (and vice versa). Figure 13a shows the presence of a strong convergence area over the north and northwest of Saudi Arabia on the lower layer. In the middle layer, there was a convergence area over the north of Saudi Arabia (south of Jordan and central Iraq) (Figure 13b ). In the upper layer, there was a strong divergence area north of the Red Sea and Saudi Arabia (Figure 13c) . Figure 13d -f illustrate the horizontal distribution of the convergence and divergence areas in the three layers of the first scenario (NRSW). It is clear that there was a consistence in the locations of the areas of convergence and divergence with the results of WRF-CR, while the difference appeared in the values of convergence and divergence on the three layers. The results of the second scenario (NRST) indicate that the areas of convergence and divergence were different from that corresponding in NRSW, where Figure 13g shows the existence of a strong convergence area in the lower layer above the Red Sea (15-25 • N). In the middle layer, there was an area of weak convergence in the middle west of Saudi Arabia (Figure 13h ). In the upper layer, there was a strong divergence area over the Red Sea and the east of Saudi Arabia, extending from 15 • N to the southeast of the Mediterranean (Figure 13i ). The results of the third scenario (NRSWT) were different from the previous two scenarios (NRSW, NRST), as there was a weak convergence area over the center of the Red Sea and a weak divergence over the north of Saudi Arabia (Figure 13j ). In the middle layer, there was a strong convergence area north of the Red Sea and Saudi Arabia (southeast of Mediterranean) (Figure 13k ), while in the upper layer, the area of divergence dominated the north of the Red Sea and the northwest of Saudi Arabia, and extended to the east and southeast of Egypt (Figure 13l ).
Atmosphere 2019, 10, 669 18 of 24 divergence dominated the north of the Red Sea and the northwest of Saudi Arabia, and extended to the east and southeast of Egypt (Figure 13l ). On 17 November, there was an eastward movement of the divergent and convergent areas over the east Mediterranean and the Arabian Peninsula (not shown). There, it was found that the main convergent area at the lower layer appeared over the northeast of the Arabian Peninsula, and the convergence area appeared over the middle and southeast of Saudi Arabia in the lower layer. In the middle layer, there was a divergent area in the north of Saudi Arabia, which started from the center of the Red Sea and extended to the northeast of Saudi Arabia, Iraq, and the northeast of Iran; there was another area of convergence over the Empty Quarter in Saudi Arabia (not shown). On 17 November, there was an eastward movement of the divergent and convergent areas over the east Mediterranean and the Arabian Peninsula (not shown). There, it was found that the main convergent area at the lower layer appeared over the northeast of the Arabian Peninsula, and the convergence area appeared over the middle and southeast of Saudi Arabia in the lower layer. In the middle layer, there was a divergent area in the north of Saudi Arabia, which started from the center of the Red Sea and extended to the northeast of Saudi Arabia, Iraq, and the northeast of Iran; there was another area of convergence over the Empty Quarter in Saudi Arabia (not shown).
In the upper layer, the area of divergence extended northeast from the center of the Red Sea to central Iran. The analysis of the horizontal distribution of convergence and divergence areas on the three layers of the first scenario (NRSW) illustrate that there was a consistence in the locations of the areas of convergence and divergence with the results of WRF-CR (not shown); the differences appeared only in the values of convergence and divergence in the three layers.
The spatial distribution of the convergence and divergence areas in the three layers of the second scenario (NRST) shows that there was a difference in the distribution of divergence and convergence areas in the three different layers in the case of NRST from the WRF-CR and NRSW (not shown), where there was an area of convergence over the meridional center of Saudi Arabia that extended north from the south of the Red Sea to the northeast of Saudi Arabia (over Syria and Iraq) in the lower layer. Divergence appeared over the Red sea and the west of Saudi Arabia in the middle layer. For the upper atmospheric layer, there was a strong divergence area that extended from the southwest of Saudi Arabia and the Red Sea to the northeast of Saudi Arabia (not shown). In the NRSWT scenario, it was found that the location of the divergence and convergence areas was differ from that corresponding in the WRF-CR, NRST, and NRSW, especially in the lower and middle layers (not shown). On 18 November (not shown) the interested area of convergence on the lower and middle levels appeared over Iran in association with the movement and location of the cyclone. Over this area, in the upper layer, there was a strong divergence area; this appeared with the WRF-CR and the other scenarios, with maximum divergence values in the NRST scenario.
Remarks and Discussion
The circulation patterns of 1000 and 850 hPa simulated by the WRF model in the three sensitivity experiments (NRST, NRSW, and NRSTW) are presented in Figures 10 and 11 and discussed in association with WRF-CR in Section 4.2.2. From the control experiment (Figure 12a ), it was found that the low level jet (LLJ), which transports the warm moist air to Red Sea, north of Saudi Arabia and adjacent areas, created conditional instability, which increased the extensive vertical motion associated with strong convergence in the lower layer (Figure 13a ), and thus, caused heavy rainfall on these regions, as discussed in Section 4.2.3. Figure 14 shows the rotational component of the integrated moisture-flux for (a) WRF-CR, (b) NRSW, (c) NRST, and (d) NRSTW, along with the precipitable water content in the lower tropospheric layer (1000-850 hPa) for 12:00 UTC 16 November 2015. The figure illustrates the difference between the strength of LLJ and the amount of precipitable water content of the four experiments. Figure 15 illustrate the Meridional (at longitude 36.5 • E) and zonal (at latitude 21 • N) cross sections of vertical velocity along with water vapor mixing ratio for NRST run at 12:00 UTC 16 November 2015. It indicates the strong vertical velocity over the lower convergence area in the middle of Red Sea region.
The analysis of 1000 and 850 hPa in case of NRST ( Figures 10 and 11 , middle column) illustrate that the absence of topography causes a strong squeezing of RST on the surface, associated with increasing the geopotential and temperature gradients, which enhance the southward wind (LLJ) over the Red Sea (Figures 12g and 14c) , carrying a huge amount of moisture to the middle and north of Red Sea. Additionally, the absence of the topography permitted the northwestern wind to extend southward to meet with the LLJ above the Red Sea (15-25 • N) . This led to the formation of a strong convergence in the lower and middle layers, while in the upper layer there was strong divergence. As a result, a strong upward motion (Figure 15a,b ) occurred above the convergence area in the lower and middle layers, which contributed to the construction of towering clouds by enhancing the vertical motion and the LLJ (Figure 14c ) that maintains the supply of moisture and heat in the area. The above analysis illustrates why the amount of rainfall in the NRST experiment was greater than that of the control experiment. This situation continued on 17 November, while on 18 November, the system moved northeastward.
flow of heat and moisture at the low-level. The position of the significant upward motion shifted more eastward in the eastern side of the Red Sea above the center of the convergence zone (22° N, 32° E) (Figure 13d ).
In the case of the NRSTW experiment, it was found that the major characteristic on 1000 hPa charts was the obvious weakening in the RST, associated with a strong decrease in geopotential and temperature gradients; moreover, the contour lines and isotherms became zonal. In the upper layer, the upper trough weakened shifted northward, and moving slightly slower compared to its corresponding trough in the WRF-CR experiment. The considerable difference between the WRF-CR and NRSTW experiments was evident in terms of the (weakening in the) extended subtropical eastern jet to reach the middle and west of Sudan with a reduction in the southern LLJ speed (Figure 12j ). Additionally, it is clear that the amount of moisture associated with the southern LLJ was less than that of the WRF-CR, which shows the decrease in rainfall in the NRSTW experiment. 
Conclusions
The aim of this work was to investigate the impact of removing Red Sea features (topography, water and their combination) on rainfall intensity and spatial distribution over Saudi Arabia. The nonhydrostatic Weather Research and Forecasting (WRF) model was utilized to simulate the extreme precipitation event on 16-18 November 2015, over the middle and north of Saudi Arabia. The simulated rainfall in the control experiment was in agreement with the Tropical Rainfall Measurement Mission (TRMM) rainfall estimates in terms of intensity and horizontal distribution. The role of Red Sea topography and water was investigated during the development of the extreme In case of NRSW, the analysis of 1000 and 850 hPa ( Figures 10 and 11 , left column) shows that there was a small variation in the synoptic patterns of the NRSW from WRF-CR experiment, which interpolated the small differences in the location and amount of rainfall during the period of study.
In the NRSW experiment, the lower layer circulation concentrated on the Red Sea indicates a reduced wind speed (Figure 12d ) compared to the WRF-CR (Figure 12a ). Additionally, the weakening of the heat and moisture content in the lower layer caused a decrease in the convection on the Red Sea. The dissimilarity between the NRSW experiment and WRF-CR was evident in terms of the weakening in the extended subtropical eastern jet and reduction in wind speed to 12 m s −1 (Figure 12d ). Besides the systematic warming due to the latent heat release in the atmosphere, the upper air trough and the associated cold advection were less extended southward. For NRSW, a weak LLJ tended to show less flow of heat and moisture at the low-level. The position of the significant upward motion shifted more eastward in the eastern side of the Red Sea above the center of the convergence zone (22 • N, 32 • E) ( Figure 13d ).
In the case of the NRSTW experiment, it was found that the major characteristic on 1000 hPa charts was the obvious weakening in the RST, associated with a strong decrease in geopotential and temperature gradients; moreover, the contour lines and isotherms became zonal. In the upper layer, the upper trough weakened shifted northward, and moving slightly slower compared to its corresponding trough in the WRF-CR experiment. The considerable difference between the WRF-CR and NRSTW experiments was evident in terms of the (weakening in the) extended subtropical eastern jet to reach the middle and west of Sudan with a reduction in the southern LLJ speed (Figure 12j ). Additionally, it is clear that the amount of moisture associated with the southern LLJ was less than that of the WRF-CR, which shows the decrease in rainfall in the NRSTW experiment.
The aim of this work was to investigate the impact of removing Red Sea features (topography, water and their combination) on rainfall intensity and spatial distribution over Saudi Arabia. The nonhydrostatic Weather Research and Forecasting (WRF) model was utilized to simulate the extreme precipitation event on 16-18 November 2015, over the middle and north of Saudi Arabia. The simulated rainfall in the control experiment was in agreement with the Tropical Rainfall Measurement Mission (TRMM) rainfall estimates in terms of intensity and horizontal distribution. The role of Red Sea topography and water was investigated during the development of the extreme precipitation event. For this purpose, three additional sensitivity experiments were carried out: the first without topography (NRST), the second without Red Sea Water (NRSW), and the third without Red Sea topography and Water (NRSTW).
The synoptic analysis and the results of the WRF-CR experiment illustrate that this strong rainfall event was characterized by the interaction between the upper air cold trough associated with a Mediterranean cyclone above the east of the Mediterranean and the lower-level Red Sea trough, leading to the intensification of the southward LLJ over the Red Sea. This LLJ advected the southern humid air from the Arabian Sea and the Red Sea towards northern Saudi Arabia and its neighboring. The results indicate that the convergence of the southern warm humid air in the low-level in addition to the complex terrain in the region has played an important role in provoking convection and associated rains on northern Saudi Arabia and its neighboring regions.
The results show that the absence of topography played an unexpected role in determining the spatial distribution and intensity of the extreme rainfall over the middle and north of Saudi Arabia. The absence of topography led to the formation of a strong convergence area over the middle of the Red Sea, which enhanced the uplift motion that further strengthened the low-level jet over the Red Sea and the surrounding regions. This enhanced the moisture and temperature gradient and created a conditionally unstable atmosphere that favored the development of the cyclonic system.
The warming of the lower layer by transferring heat and moist air from the warm Red Sea enhanced the convection system. The absence of Red Sea water (NRSW) changed the rainfall spatial distribution and reduced its amount by about 30-40% due to affecting the dynamics of the upward motion and moisture gradient, suggesting that surface fluxes play an important role in regulating the low-level moist air convergence prior to the convection initiation and development.
